A single nucleotide polymorphism (SNP) in the neuropeptide Y gene has been associated with elevated serum lipid levels and cardiovascular disease. The polymorphism (T1128C) changes the seventh amino acid in the prohormone from leucine to proline. It has been speculated this alters neuropeptide Y (NPY) synthesis, trafficking, or secretion. We tested this hypothesis by expressing the mutant and wild-type prohormones in CNS neurons and endocrine cells. Synthesis and trafficking were followed using immunocytochemistry and fluorescent protein-tagged fusion constructs. Mutant prohormone was synthesized and entered the regulated secretory pathway. When expressed in endocrine cells, wild-type and mutant proteins were found in the same large dense core granules. However, the T1128C polymorphism altered the degree of copackaging, and, on average, individual granules contained more mutant prohormone. This was not attributable to codon bias but to the change in prohormone sequence. Global prohormone targeting was normal, because in hippocampal neurons, the polarized distribution of the mutant prohormone was indistinguishable from the wild-type. When secretion was measured from chromaffin cells, brief depolarizations triggered peptide secretion, confirming the entry of the mutant prohormone into the regulated secretory pathway. However, cells that expressed the mutant protein had increased levels of peptide secretion. We conclude that the T1128C polymorphism alters the packaging and secretion of NPY. In contrast to SNPs in other prohormones, we could not find a phenotype until the prohormone was tracked at the single granule level. These results are consistent with studies showing the T1128C polymorphism has pleiotropic effects.
Introduction
The human genome contains millions of single nucleotide polymorphisms (SNPs) or differences at the single nucleotide level between individuals. Although the majority of SNPs are found outside of coding regions, such polymorphisms are of interest because genetic variability between individuals affects susceptibility to many diseases. To identify the sites of variation, large scale mapping studies are being used to identify SNPs associated with numerous diseases including heart disease (Larson et al., 2007) .
After the identification of a consequential polymorphism, an important step is to determine the molecular mechanism that causally explains the disease association. In the nervous system, functional SNPs have been identified in genes encoding receptors, transporters, ion channels, and neuromodulators (MazeiRobison et al., 2005; Vitko et al., 2005; Hasan et al., 2007; Kessler et al., 2007) . One recent success has been the isolation of the G196A (Val66Met) polymorphism in the BDNF gene. This polymorphism leads to somatic retention of the mutant prohormone, a reduction in BDNF secretion and memory impairment (Egan et al., 2003) .
To date, only a handful of polymorphisms for modulators like BDNF have been functionally studied. An intriguing example in another neuropeptide is the T1128C SNP in the neuropeptide Y (NPY) gene (Karvonen et al., 1998) . This polymorphism was initially associated with elevated levels of serum cholesterol but has also been linked to atherosclerosis and diabetes (Niskanen et al., 2000; Ukkola and Kesaniemi, 2007) . The pleiotropic phenotype presumably reflects the widespread distribution of NPY. In the periphery, NPY potently regulates blood pressure, whereas central NPY modulates many behaviors, including feeding (Kuo et al., 2007a) . The T1128C polymorphism in the NPY gene changes the seventh amino acid in the prohormone from a leucine to proline. Its location in the NPY signal sequence is not expected to change the sequence of mature NPY but has been suggested to lead to a change in the synthesis, trafficking, and/or secretion of the peptide (Karvonen et al., 1998; Kallio et al., 2001 ). However, this idea has not been thoroughly examined.
Here, we directly test this hypothesis by comparing the expression of the mutant and wild-type (wt) prohormones. We find that T1128C does not prevent synthesis or trafficking of the NPYcontaining dense core granules. However, the polymorphism alters the packaging and secretion of NPY. Our results suggest a molecular mechanism that may underlie the broad phenotype of the T1128C polymorphism.
Materials and Methods
Cell culture. AtT-20 cells and mouse chromaffin cells postnatal days 18 -25 (P18 -P25) were cultured as described previously (Whim and Moss, 2001; Whim, 2006) and transfected using Lipofectamine 2000 after 1-2 days in vitro (DIV). Hippocampal neurons from C57BL/6 mice (P1-P3) were grown on cortical astrocytes and maintained in Neurobasal, 2% B27 supplement, 0.4 mM L-glutamine. After 5-8 DIV, cultures were transfected in DMEM/1 mM kynurenic acid with 1.5 g vector DNA using calcium phosphate. Neurons were fixed 48 h later.
Molecular biology. PCR used standard techniques. pNPY-red fluorescent protein (RFP) and pNPY-Venus were made in pcDNA3.1 (Invitrogen) by fusing the fluorescent protein to the C terminus of NPY immediately upstream of the KR dibasic cleavage site. This ensured that the fusion protein remained intact during prohormone processing. Sitedirected mutagenesis was subsequently used to create the T1128C or L7P mutations (see below). pIRES-NPY constructs were made in pIRES2-AcGFP1 (Clontech). All constructs (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) were based on the human NPY prohormone which had been modified by adding two copies of the FMRFamide peptide to the 3Ј end (Whim, 2006) . Constructs were confirmed by sequencing. Plasmid concentrations were measured using a NanoDrop spectrophotometer.
The observed T1128C polymorphism (Karvonen et al., 1998 ) changes CTG (leucine) to CCG (proline). This is the least frequently used proline codon (a frequency of 6.2 per thousand). Constructs that incorporate this codon are termed T1128C. Constructs using the most frequently employed proline codon (CCC; 19.8 per thousand) are termed L7P. For comparison, the leucine CTG codon has a frequency of 39.6 per thousand. These frequencies are for human codon usage; the mouse values are comparable.
Immunocytochemistry. Cells were processed as described previously (Whim and Moss, 2001) . When comparing prohormone copackaging (see Fig. 2 ), AtT-20 cells were transfected, then after 48 h, incubated with 10 M cycloheximide for 1 h to limit endoplasmic reticulum (ER)-derived fluorescence (Sobota et al., 2006) , before fixation in paraformaldehyde. Primary antibodies were mouse anti-carboxypeptidase E (CPE) (1:600; BD Transduction Laboratories), rabbit anti-NPY (1:200; Peninsula Laboratories), rabbit anti-FMRFamide (1:200; Peninsula Laboratories), mouse anti-GM130 (1:1000; BD Transduction Laboratories), and mouse anti-microtubule-associated protein 2 (MAP2) (1:200; Millipore). Secondary antibodies were donkey anti-rabbit Alexa 488 (1:200; Invitrogen), goat anti-mouse FITC, donkey anti-mouse tetramethylrhodamine isothiocyanate (TRITC), donkey anti-rabbit TRITC (all 1:50; Jackson ImmunoResearch Laboratories). Images were taken using a Nikon TE2000U microscope with a 60ϫ (1.4 NA) oil-immersion objective and a Retiga 1300 monochrome camera.
Image analysis. Puncta were picked in each fluorescence channel using the same area of interest (AOI). A punctum was first identified in the green channel then the AOI transferred to the red channel. Image-Pro Plus 5.1 (Media Cybernetics), OriginPro7, and Excel were used for data analysis. Statistical significance was assessed using ANOVA and Kolmogorov-Smirnov tests. Each experiment contained sister cultures of matched wild-type and T1128C or L7P transfected AtT-20 cells. Analysis was performed blind to genotype.
FMRFamide-tagging release experiments. Chromaffin cells were transfected with 0.75 g pFaNaCh and 0.75 g pIRES-NPY wild-type/T1128C prohormone. Whole-cell voltage-clamp recordings were made as described previously (Whim, 2006) , 2-3 d after transfection. The pipette solution contained (in mM) 120 Cs acetate, 15 CsCl, 5 NaCl, 10 HEPES, 4 MgATP, 0.3 NaGTP, 0.2 Na cAMP, pH 7.2 with CsOH. The extracellular solution contained 135 NaCl, 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, 11 glucose, pH 7.3. Each experiment contained matched sister wild-type and T1128C-transfected cells, and experiments were performed blind to genotype.
Results
A priori, the Leu7Pro polymorphism could alter the synthesis, trafficking, and/or secretion of neuropeptide Y. We investigated each of these possibilities.
L7P and wild-type NPY prohormones are sorted similarly in AtT-20 cells
AtT-20 cells, an endocrine cell line, were transfected with an IRES-GFP vector encoding the mutant or wild-type NPY prohormone. AtT-20 cells can synthesize peptides but do not endogenously contain NPY (Dickerson et al., 1987) . Transfected cells identified by cytoplasmic GFP had punctate NPYimmunoreactivity (NPY-ir) regardless of whether they expressed the mutant or the wild-type NPY prohormone (Fig. 1 A) .
To study the trafficking of the wild-type and mutant prohormones, we subsequently used constructs in which NPY was fused in frame to either Venus or RFP. Expression of NPY-RFP (and NPY-Venus) revealed a punctate distribution that matched the distribution of NPY-ir, validating the use of these fusion proteins (Fig. 1 B) .
Peptides like NPY enter the regulated secretory pathway via the endoplasmic reticulum and Golgi network before storage in dense core granules (Dikeakos and Reudelhuber, 2007) . If L7P NPY is processed via the same pathway, it should be found in these compartments. In fact, both mutant and wild-type NPYVenus colocalized with GM130-ir (Fig. 1C) , a marker of the cisGolgi (Nakamura et al., 1995) . Mutant and wild-type NPY-RFP also colocalized with carboxypeptidase E, a marker of peptidergic dense core granules (Fig. 1 D) . This enzyme cleaves many peptide prohormones (Fricker, 1988) . There was no difference in the degree of colocalization of the wild-type and mutant NPY-RFP prohormones with CPE (3.4 Ϯ 0.9 vs 3.3 Ϯ 1.5, respectively, mean red: green punctal fluorescence intensity ϮSD, 55 puncta analyzed from n ϭ 3 cells, p ϭ 0.93).
Thus, the L7P NPY prohormone appears to be targeted to the regulatory secretory pathway in a similar manner to the wild-type prohormone. Western blot analysis confirmed that the polymorphism did not prevent synthesis of the NPY prohormone (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
L7P and wild-type NPY prohormones enter the same dense core granules
The majority of the L7P carriers are heterozygous (Karvonen et al., 1998) . Thus, in vivo neurons are likely to contain mutant and wild-type prohormone. To mimic these conditions, AtT-20 cells were cotransfected with wt NPY-Venus plus L7P NPY-RFP. Control cells were cotransfected with wt NPY-Venus plus wt NPY-RFP. Complete overlap of red and green puncta was observed in both conditions, indicating that mutant and wild-type prohormones are copackaged in the same dense core granules. This can be seen in an intensity line scan (Fig. 2 A) .
At this stage, the processing of the L7P and wild-type prohormones appeared indistinguishable, although this approach can reveal the effect of SNPs on other prohormones (Egan et al., 2003) . However, differences in packaging are sometimes quantitative (Castle et al., 1997) . Thus, we next measured the relative amounts of the mutant and wild-type prohormones in single granules.
Differential copackaging of L7P and wild-type NPY prohormones
AtT-20 cells were cotransfected with wild type, and mutant prohormones were tagged with either Venus or RFP. Two days after transfection, the cells were fixed and the intensity of individual puncta in the green and red channels was measured, then plotted as a cumulative ratio distribution (Fig. 2 B, left) . Because Venus and RFP might be synthesized at different intrinsic rates, control cells were cotransfected with the same prohormone separately tagged with both fluorescent proteins.
When comparing the results of these experiments, several features emerged. First, the fluorescence ratio distributions of the two control experiments overlapped (i.e., wt NPY-Venus plus wt NPY-RFP vs L7P NPY-Venus plus L7P NPY-RFP). This validates the approach, because it indicates that swapping the prohormone did not alter synthesis of the fluorescent tag. Second, the most right-shifted curve (i.e., the "greenest" puncta) came from cells expressing L7P NPY-Venus and wt NPY-RFP. In these cells, the L7P prohormone is thus expressed at higher levels. Third, the most left-shifted curve is the complementary result; these puncta contain relatively more RFP (which is now attached to the L7P prohormone). These results are consistent with dense core granules containing higher relative levels of the L7P prohormone.
The proline codon in the L7P mutant (CCC) was chosen to minimize a potential confounding effect attributable to codon usage (see Materials and Methods). To test whether the low frequency proline codon (CCG) actually found in the SNP had a similar phenotype, the experiment was repeated using T1128C-Venus and T1128C-RFP. As seen in Figure 2C , and supplemental Fig. 3 , available at www.jneurosci.org as supplemental material, the same relative expression levels of mutant and wild-type NPY prohormone were again found. We conclude that when cells are cotransfected with mutant and wild-type NPY prohormone, the dense core granules contain higher levels of mutant prohormone.
Expression of L7P and wild-type NPY prohormones in hippocampal neurons
To examine prohormone trafficking in an acutely isolated cell type, polarized hippocampal neurons were transfected with wt NPY-Venus or L7P NPY-Venus. The hippocampus endogenously contains NPY (Higuchi et al., 1988) .
The distribution of native NPY was first determined (Fig. 3A ). Cultures were stained for NPY and the dendritic marker MAP2. In NPY-ir neurons, the peptide showed a punctate distribution and was present in the cell body, dendrites and axon (as observed in cortical neurons in situ) (P. Ramamoorthy and M. D. Whim, unpublished observations). When hippocampal neurons were transfected with wt NPY-Venus or L7P NPY-Venus, a similar distribution was observed, with both mutant and wild-type NPY prohormone present in all these neuronal compartments (Fig.  3 B, C) . There was also no significant difference in the axonal: dendritic ratio of fluorescently labeled puncta from cells transfected with wt NPY-Venus or L7P-Venus [0.65 Ϯ 0.25 (wt) vs 0.58 Ϯ 0.25 (L7P); mean ratio Ϯ SD, n ϭ 19 (wt), n ϭ 24 (L7P)].
Thus, the SNP in the NPY prohormone does not significantly alter the distribution of the NPY-containing dense core granules in polarized neurons. We could not routinely distinguish single granules when neurons were cotransfected with wt NPY-RFP plus L7P NPY-Venus. However, the cumulative fluorescence distribution of varicosities was green shifted compared with the control (wt NPY-Venus plus wt NPY-RFP) (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). This suggests that the SNP has a similar effect on prohormone packaging in both AtT-20 cells and hippocampal neurons.
Expression of L7P prohormone leads to increased peptide secretion
To investigate whether the T1128C polymorphism affected NPY secretion, we measured peptide release from chromaffin cells. These cells endogenously express and secrete NPY (Henion and Landis, 1990; Whim, 2006) . To confirm these cells could synthesize wild-type and mutant prohormone, chromaffin cells were transfected with wt NPY-Venus or T1128C NPY-Venus. In both cases, the fluorescence was punctate (data not shown), consistent with earlier observations (Whim, 2006) , suggesting localization to dense core granules.
To monitor peptide secretion, we used FMRFamide tagging (Whim and Moss, 2001) . In this technique, the coding sequence for a small peptide, FMRFamide, is added to the NPY prohormone. The release of FMRFamide activates the ionotropic FMRFamide receptors that are expressed on the surface of the same cell. Because FMRFamide and NPY are packaged in the same dense core granules, the release of FMRFamide is a surrogate for the release of NPY (Whim and Moss, 2001) . We determined that FMRFamide-ir colocalized with punctate wt NPY-Venus and T1128C-Venus in transfected AtT-20 cells (Fig. 4 A) . This con- firmed that FMRFamide was in the NPYcontaining dense core granules.
Chromaffin cells were then transfected with either the T1128C or wt NPY prohormone. To evoke secretion, cells were stimulated with a train of depolarizations. Peptidergic secretory events were recorded from both types of cells (Fig. 4 B) . These secretory events indicate that NPYcontaining granules had fused with the cell membrane. The mean peptidergic secretory event was larger from cells expressing the T1128C NPY prohormone compared with the wt NPY prohormone (72 Ϯ 32 pA vs 29 Ϯ 9 pA, mean Ϯ SD, n ϭ 4 separate cultures, 14 -17 cells per genotype, p Ͻ 0.05) (Fig. 4C) . However, there was no difference in the response to exogenous application of 200 nM FMRFamide between the T1128C and wt-NPY-expressing cells (Ϫ332 Ϯ 127 pA vs Ϫ421 Ϯ 170 pA, mean Ϯ SEM, n Ն5 cells, p ϭ 0.69). Thus, the increased event amplitude was not attributable to a difference in FMRFamide receptor expression. The cumulative distribution of the amplitude of the release events from cells expressing T1128C was significantly right shifted (Fig. 4 D) compared with the wild-type NPY prohormone. The effect on secretion can also be seen in an amplitude histogram (Fig. 4 E) . This result is consistent with an increase in peptide secretion from the cells expressing the mutant NPY prohormone.
Discussion
Here, we investigated the consequences of the T1128C single nucleotide polymorphism. Our primary conclusion is that it does not prevent synthesis of NPY but actually leads to an increase in the levels of prohormone and elevated peptide secretion.
In transfected endocrine cells, wild-type and mutant NPY prohormones entered the regulated secretory pathway and were copackaged in the same dense core granules. Nevertheless, when peptide levels were quantified, individual granules apparently contained more mutant prohormone. This is consistent with the observation that cells expressing the mutant prohormone had elevated levels of peptide secretion. This gain-of-function is in contrast to the majority of mutations described in other prohormones which generally lead to misprocessing (Karaplis et al., 1995; Egan et al., 2003) .
How might the T1128C polymorphism produce these changes? When proline is inserted in a signal sequence, it can lead to suppression of synthesis or secretion (Nakajima et al., 1999) . Eukaryotic signal sequences typically contain an N-terminal hydrophilic region, a hydrophobic core, and a polar C terminus. The L7P SNP in NPY falls on the hydrophilic-hydrophobic border. In silico analysis using SignalP (Bendtsen et al., 2004) suggests the L7P polymorphism would not prevent signal sequence recognition (data not shown). This is consistent with in vitro translation experiments (Ding et al., 2005 ) and the regulated secretion that we have observed. However, it is becoming clear that the role of the signal sequence is not limited to interaction with the signal recognition particle (which ensures delivery of the polypeptide chain to the endoplasmic reticulum). Signal sequences are apparently multifunctional and can regulate the location of the mature protein, the efficiency of ER translocation, and may even have an independent function after cleavage from the pro-protein (Hegde and Bernstein, 2006) . The T1128C polymorphism exchanges the most common leucine codon for the least frequently used proline codon. Nonoptimal codons can lead to translational pausing so enabling correct protein folding and thus indirectly lead to increased synthesis (Zalucki and Jennings, 2007) . However, we found a similar phenotype when we expressed optimal or nonoptimal proline codons in the NPY prohormone. This suggests that codon usage does not explain the increased packaging and secretion of the mutant NPY prohormone.
Although polymorphisms have been identified in a number of peptide prohormones, these are generally associated with a loss-offunction phenotype (Peyron et al., 2000; Egan et al., 2003) . For example, the L16R mutation in the hypocretin signal sequence that was identified in a case of severe narcolepsy leads to inefficient prohormone cleavage and retention in the soma (Peyron et al., 2000) .
In contrast, the expression of the T1128C polymorphism leads to an increase in NPY synthesis and secretion. This is consistent with the elevated plasma levels of NPY found in T1128C carriers during exercise and elevated sympathetic activity (Kallio et al., 2001) . Although the polymorphism is associated with altered levels of serum cholesterol and triglycerides (Karvonen et al., 1998) , the relationship between NPY and lipid metabolism is complex. NPY inhibits lipolysis (Turtzo et al., 2001 ), but elevation in NPY signaling positively regulates stress-induced obesity (Kuo et al., 2007b ).
In conclusion, our experiments demonstrate that the L7P polymorphism leads to an increase in peptide synthesis and secretion. They also emphasize that functional SNPs can have readily detectable effects at the level of single granules.
